Introduction: Amenamevir (ASP2151) is a nonnucleoside human herpesvirus helicase-primase inhibitor that was approved in Japan for the treatment of herpes zoster (shingles) in 2017. This article reports the results of two clinical trials that investigated the effects of renal and hepatic impairment on the pharmacokinetics of amenamevir. Methods: These studies were phase 1, open-label, single-dose (oral 400 mg), parallel-group studies evaluating the pharmacokinetics, safety, and tolerability of amenamevir in healthy participants and participants with moderate
hepatic impairment and mild, moderate, and severe renal impairment. Results: In the hepatic impairment study, the pharmacokinetic profile of amenamevir in participants with moderate hepatic impairment was generally similar to that of participants with normal hepatic function. In the renal impairment study, the area under the amenamevir concentration versus time curve from the time of dosing up to the time of the last sample with extrapolation to infinity of the terminal phase was increased by 78.1% in participants with severe renal impairment. There was a positive relationship between creatinine clearance and oral and renal clearance for amenamevir in the renal impairment study. In both studies, amenamevir was safe and well tolerated.
INTRODUCTION
Herpes zoster, also called shingles, is a painful rash that is caused by reactivation of the varicella-zoster virus (VZV) in cranial nerve or dorsal root ganglia, with spread of the virus along the sensory nerve to the dermatome [1] . More than 95% of immunocompetent individuals aged 50 years or older are seropositive for VZV and are at risk of developing herpes zoster [2] . The incidence increases markedly with age, and the lifetime risk of developing herpes zoster is estimated to be 10-20% in the general population and as high as 50% of people who live to 85 years [3] .
Nucleoside analogues such as acyclovir [4] , valacyclovir [5] , and famciclovir [6] have been approved for the treatment of herpes simplex virus 1, herpes simplex virus 2, and VZV infections. Acyclovir, valacyclovir, and famciclovir are mainly excreted by the kidney, with a study indicating that the famciclovir area under the concentration versus time curve from the time of dosing up to the time of the last sample with extrapolation to infinity of the terminal phase (AUC inf ) was increased by about 6.8%, 218.0%, and 766.2% in individuals with mildly, moderately, and severely impaired renal function, respectively, compared with individuals with normal renal function [7] . Because of reduced clearance and the resulting increased exposure in patients with renal dysfunction, dosage reduction is recommended for patients with creatinine clearance less than 25 mL/min/1.73 m 2 , 50, and 60 mL/min for acyclovir, valacyclovir, and famciclovir. Renal function decreases with advancing age, and significant renal dysfunction is more common in people aged 60 years or older [8] . People of this age group are also more likely to develop herpes zoster [3] and therefore constitute the major target population for antiviral therapy. Accordingly, a drug with a more simplified dosing schedule requiring less consideration of renal function is desirable.
Amenamevir (ASP2151) is an oxadiazolephenyl-derived nonnucleoside human herpesvirus helicase-primase inhibitor with more potent in vitro antiviral activity against VZV than acyclovir [9] . The helicase-primase complex has an essential function for viral genomic replication, responsible for both unwinding viral DNA at the replication fork and priming DNA synthesis [10] [11] [12] [13] [14] . The main elimination pathway of amenamevir was hepatic metabolism in animal studies (unpublished data). In a study in healthy volunteers, urinary excretion as unchanged drug was approximately 10% [15] .
This article reports the results of two clinical trials that investigated the effects of renal and hepatic impairment on the pharmacokinetics of amenamevir.
METHODS

Study Design
These studies were phase 1, open-label, single-dose, parallel-group studies evaluating the pharmacokinetics, safety, and tolerability of amenamevir in healthy participants and participants with moderate hepatic impairment or various degrees of renal impairment. These studies were not registered at a registry website as there was no requirement in the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) ''Guideline for Good Clinical Practice'' to register phase 1 trials at the time these studies were conducted.
The hepatic impairment study (study 15L-CL-013) was conducted at Orlando Clinical Research Center (Orlando, FL, USA), and the renal impairment study (study 15L-CL-014) was performed at four sites in the USA: Orlando Clinical Research Center, the University of Miami (Miami, FL), DGD Research (San Antonio, TX), and Clinical Pharmacology of Miami (Miami, FL).
Before initiation of the studies, the clinical study protocols were approved by the Independent Investigational Review Board (Plantation, FL, USA) for Orlando Clinical Research Center and Clinical Pharmacology of Miami, the University of Miami Human Subjects Research Office (Miami, FL, USA) for the University of Miami, and RCRC IRB (Austin, TX, USA) for DGD Research. The studies were conducted in accordance with the ethical standards of the ICH ''Guideline for Good Clinical Practice.'' All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1964, as revised in 2000. Written informed consent was obtained from all participants for their being included in these studies.
Study Participants
For the hepatic impairment study, male and female participants, 18-75 years of age, with a body mass index (BMI) between 18 and 40 kg/ m 2 were eligible for enrollment if they were in good health (healthy participants) or had stable moderate hepatic impairment (defined as a predose hepatic assessment of class B as defined by the Child-Pugh classification [16] 
Pharmacokinetic Assessments
Unchanged amenamevir and monohydroxy metabolite R5 concentrations in plasma were measured by a validated liquid chromatography-tandem mass spectrometry method at Covance Laboratories. Amenamevir and R5 were isolated from plasma by liquid-liquid extraction using tert-butyl methyl ether. Deuterium-labeled amenamevir and R5 were used as the internal standards. The extracts were analyzed by liquid chromatography-tandem mass spectrometry, using isocratic elution, with 40% 0.1% formic acid in water and 60% 0.1% formic acid in methanol, on a Chromolith SpeedROD RP-18e 50 mm 9 4.6 mm column, with use of a Sciex API 4000 system with a turbo ion spray interface in positive ion mode. The method was validated over a range of 5-5000 ng/mL for amenamevir and 2-2000 ng/mL for R5 with use of 0.1 mL plasma.
The primary pharmacokinetic parameters assessed in both studies were AUC inf and the maximum observed concentration (C max ). Secondary pharmacokinetic parameters assessed in both studies included half-life (t ), the time to maximum observed concentration (t max ), oral clearance, fraction of unbound drug, renal clearance, and the amount of drug excreted into urine up to the time of collection of the last measurable concentration (Ae last ).
Parameters were calculated by noncompartmental analysis with Phoenix Ò WinNonlin Ò version 5.3 (Certara USA, Princeton, NJ, USA).
Safety Assessments
For both studies, safety assessments included the evaluation of the frequency and severity of treatment-emergent adverse events (TEAEs), 12-lead electrocardiogram (ECG) recordings, clinical laboratory tests (biochemistry, hematology, serology, and urinalysis), vital signs (blood pressure and pulse), and physical examination findings. TEAEs were coded according to the Medical Dictionary for Regulatory Activities (MedDRA) version 9.1, and were summarized by system organ class and preferred term.
Statistical Analysis
A planned sample size of 16 participants (eight per group) for the hepatic impairment study and 32 participants (eight per group) for the renal impairment study was determined on the basis of precedent set by other pharmacokinetic studies similar in design.
Descriptive statistics (number of participants, mean, and standard deviation) were used to summarize continuous variables, and frequency and percentage were used to describe categorical variables. For each study, to assess the effect of renal or hepatic impairment on the pharmacokinetics of amenamevir, an analysis of variance was performed on natural-log-transformed AUC inf and C max . Geometric least squares means were used to calculate the ratios of pharmacokinetic parameters in the impaired groups to those in the normal control groups, along with 90% confidence intervals (CIs). Similar analyses were conducted for metabolite R5. Linear regression was used to evaluate the relationships between selected pharmacokinetic parameters (oral clearance and renal clearance) and estimated renal function (creatinine clearance). Safety data were analyzed with use of descriptive statistics. All data processing, summarization, and analyses were performed with SAS Ò version 9.1 (SAS, Cary, NC, USA).
RESULTS
Study Population
In the hepatic impairment study, 16 participants (eight participants with normal hepatic function and eight participants with moderately impaired hepatic function) were enrolled. In the renal impairment study, 33 participants (nine participants with normal renal function, eight participants with mild renal impairment, eight participants with moderate renal impairment, and eight participants with severe renal impairment) were enrolled. For both studies, all participants (16 participants for the hepatic impairment study and 33 participants for the renal impairment study) completed the study and were evaluable for assessment of safety and pharmacokinetics.
The demographics and baseline characteristics of the participants in the two studies are summarized in Table 1 . The participants with normal hepatic and renal function were matched with participants with hepatic and renal impairment by approximate age, sex, and BMI of the participants.
Pharmacokinetics
Effect of Hepatic Impairment
Mean plasma concentration-time profiles for amenamevir and metabolite R5 in participants with normal and moderately impaired hepatic function after oral administration of a 400-mg dose of amenamevir are presented in Fig. 1 . Summary statistics for amenamevir and metabolite R5 pharmacokinetic parameters in plasma and urine for participants with normal hepatic function and participants with moderate hepatic impairment are presented in Table 2 . In participants with moderate hepatic impairment, there was no essential change in mean AUC inf and C max of amenamevir (4.3% and 9% decrease, respectively) compared with participants with normal hepatic function. Somewhat larger decreases of 25.2% and 32.5%, respectively, were seen for metabolite R5 ( Table 2 ). The mean elimination t of amenamevir in participants with normal and moderately impaired hepatic function was 7.7 and 8.9 h, respectively. The mean oral clearance of amenamevir in participants with normal hepatic function (28.6 L/h) and in participants with moderately impaired hepatic function (28.4 L/h) was similar. There was no difference in the mean fraction of unbound amenamevir between participants with normal hepatic function and participants with impaired hepatic function (22.1% and 23.0%, respectively).
The percentage Ae last was not different between participants with normal hepatic function (9.6%) and those with moderately impaired hepatic function (9.8%). For R5, Ae last was 25% lower in participants with moderately impaired hepatic function compared with participants with normal hepatic function.
Effects of Renal Impairment
Mean plasma concentration-time profiles for amenamevir and metabolite R5 in participants with mild, moderate, and severe renal impairment and normal renal function are shown in Fig. 2 , and summary statistics for amenamevir and metabolite R5 pharmacokinetic parameters in plasma and urine for participants with All values are presented as the mean ± standard deviation unless otherwise stated BMI body mass index various degrees of renal impairment and normal renal function are presented in Table 3 .
The mean AUC inf of amenamevir was increased by 19.8%, 34.7%, and 78.1% in participants with mild, moderate, and severe renal impairment, respectively, compared with participants with normal renal function. Impaired renal function had a differing effect on C max of amenamevir, with mean decreases of 8.1% and 1.7% in participants with mild and moderate renal impairment, respectively, and a mean increase of 17.3% in participants with severe renal impairment compared with participants with normal renal function.
The t max was somewhat greater in participants with mild (3.0 h), moderate (2.5 h), and severe (1.8 h) renal impairment compared with that in participants with normal renal function (1.5 h). The t of amenamevir was slightly greater in participants with mild (8.4 h), moderate (9.5 h) and severe (9.8 h) renal impairment compared with that in participants with normal renal function (8.1 h). The mean oral clearance gradually decreased in participants with mild (21.3 L/h), moderate (21.1 L/h), and severe (14.9 L/h) renal impairment compared with that in participants with normal renal function (26.1 L/h). The mean fraction of unbound amenamevir was 21.7-23.0% for all participants regardless of renal function.
Renal impairment had a greater effect on disposition of metabolite R5 than on disposition of amenamevir. The mean AUC inf of R5 was increased by 47.2%, 86.7%, and 155.5% in participants with mild, moderate, and severe renal impairment, respectively, compared with participants with normal renal function. The mean C max of R5 was increased by 8.5%, 22.2%, and 37.9% in participants with mildly, moderately, and severely impaired renal function, respectively, compared with participants with normal renal function.
There was a positive relationship between creatinine clearance and the pharmacokinetic parameters oral clearance and renal clearance for both amenamevir and R5 (Fig. 3) .
The mean Ae last of amenamevir and R5 of participants with normal renal function and various degrees of impaired renal function is presented in Fig. 4 . The amounts of amenamevir and R5 excreted in urine decreased with increasing renal impairment.
The percentage Ae last of amenamevir decreased with increasing renal impairment. The mean percentage Ae last of amenamevir decreased to 8.5%, 6.4%, and 6.1% in participants with mildly, moderately, and severely impaired renal function, respectively, compared with 11.9% in participants with normal renal function. For R5, the mean Ae last decreased to 6.8%, 3.9% and 3.0% in participants with mildly, moderately, and severely impaired renal function, respectively, compared with 7.9% in participants with normal renal function. 
Safety
There were no deaths or serious TEAEs, and no participants discontinued their participation because of a TEAE in either study.
In the hepatic impairment study, one of the eight participants with normal hepatic function experienced one mild adverse event (nausea). This TEAE was considered to be drug related. No participants with moderate hepatic impairment experienced a TEAE during the study. There were no clinically significant changes from the baseline for clinical laboratory tests or vital signs, and no clinically significant changes were observed for ECGs or physical examinations.
In the renal impairment study, five participants reported TEAEs. No TEAEs were reported in participants with normal renal function. One participant in the mild renal impairment group and two participants in each of the moderate and severe renal impairment groups reported TEAEs. Only one moderate adverse event (diarrhea) was reported in the severe renal impairment group, and all other events were reported as mild. One TEAE of constipation in a participant with mild renal impairment was considered to be drug related. There were no clinically significant changes from the baseline for clinical laboratory tests or vital signs, and no clinically significant changes were observed for ECGs or physical examinations.
DISCUSSION
The viral helicase-primase inhibitor amenamevir is a nonnucleoside anti-human herpesvirus drug that was approved in Japan for treatment of herpes zoster (shingles) in 2017. Two phase 1 studies were conducted to evaluate the effects of hepatic and renal impairment on the pharmacokinetics of amenamevir.
In the hepatic impairment study, the pharmacokinetic profile of amenamevir in participants with moderate hepatic impairment was generally similar to that of participants with normal hepatic function. Amenamevir AUC inf and C max geometric least squares mean ratios (i.e., moderately impaired hepatic function/ normal hepatic function expressed as percentages) were 95.7% (90% CI 70.5-129.8%) and 91.0% (90% CI 60.8-136.1%), respectively. Although the 90% CIs for the ratios of AUC inf and C max fell outside the range of 80-125%, this alteration was not considered to be clinically significant given the small number of participants. Furthermore, there was no clear relationship between hepatic function abnormalities, albumin and total bilirubin levels, and the pharmacokinetic parameters AUC inf and C max for amenamevir (data not shown). Amenamevir metabolic activity has been significantly correlated with marker enzyme activities specific for cytochrome P450 (CYP) isozymes CYP2B6, CYP2C19, and CYP3A4/5 [18] , suggesting that several CYP isozymes are involved in the metabolism of amenamevir. In addition, amenamevir is partly excreted via urine. However, in the hepatic impairment study, there was no difference in the cumulative amount excreted and renal clearance of amenamevir in urine between participants with normal hepatic function and participants with moderately impaired hepatic function. This suggests that although the activity of metabolic enzymes may be reduced in individuals with hepatic impairment, the pharmacokinetic profile of amenamevir in individuals with moderate hepatic impairment was not significantly affected.
Metabolite R5 is the major metabolite found in human plasma, and hepatic impairment had a greater effect on excretion of R5 than of amenamevir. Although it is difficult to clearly conclude reasons because of the high variability, CYP3A4/5 is the main CYP isozyme of the metabolite R5 production, and reduction of CYP3A4/5 activity for patients with hepatic impairment might be involved in the reduction of metabolite R5 production. Because R5 is not an active metabolite, the decreased exposure of Amenamevir was safe and generally well tolerated after a single 400-mg dose. No TEAE was observed in participants with moderately impaired hepatic function. There were no clinically significant changes from the baseline for clinical laboratory tests, including liver function tests.
In the renal impairment study, increasing renal dysfunction was associated with an increase in systemic exposure to amenamevir and a reduction in renal clearance. The mean oral clearance of amenamevir in participants with mildly, moderately, and severely impaired renal function was approximately 18.4%, 19.2%, and 42.9% lower than that in participants with normal renal function. Renal impairment had a significant effect on AUC inf of amenamevir, and AUC inf was increased in participants with renal dysfunction. Impaired renal function had differing effects on C max of amenamevir.
Renal impairment had a greater effect on excretion of metabolite R5 than on excretion of amenamevir. AUC inf and C max of R5 was increased in participants with renal dysfunction. This suggests that renal elimination might be the predominant pathway for metabolite R5. Because R5 is not an active metabolite, the increased exposure of R5 in participants with renal impairment might be less clinically meaningful.
In the renal impairment study, amenamevir was safe and generally well tolerated after a single 400-mg dose. There were no deaths or serious TEAEs, and no participants discontinued their participation because of a TEAE. Only one mild TEAE (constipation) in a participant with mild renal impairment was considered to be drug related. There were no clinically significant changes from the baseline for clinical laboratory tests, including renal function tests.
The recommended dosage of amenamevir for VZV is 400 mg/day by oral administration for 7 days. Previous pharmacokinetic and safety studies of amenamevir in healthy individuals have shown that amenamevir is safe and well tolerated after a single dose (5-2400 mg, fasted condition) and repeated doses for 7 days (300 or 600 mg, fed condition) [19] . Even though systemic amenamevir exposure was increased by 78.1% by severe renal impairment in the renal impairment study, the amount of amenamevir exposure was covered by those previous pharmacokinetic studies. Thus, it seems that repeated dosing of 400 mg amenamevir for 7 days in patients with severe renal impairment is likely to produce no significant problems with safety.
These studies have some limitations that may affect the interpretation of the findings. As with most phase 1 studies, the study populations were relatively small, and randomized controlled studies with larger patient populations are needed in clinical practice.
CONCLUSION
Overall, the findings from the hepatic impairment study indicate that no dosing adjustment is required in patients with moderate hepatic impairment. Also, the findings from the renal impairment study suggest that amenamevir does not require dosage reduction in accordance with the creatinine clearance and is likely a useful option for patients with renal impairment. for this manuscript, take responsibility for the integrity of the work as a whole, and have given final approval to the version to be published.
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